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Bioinspired claw-engaged and biolubricated swimming
microrobots creating active retention in blood vessels
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Swimming microrobots guided in the circulation system offer considerable promise in precision medicine but Commons Attribution

currently suffer from problems such as limited adhesion to blood vessels, intensive blood flow, and immune
system clearance—all reducing the targeted interaction. A swimming microrobot design with clawed geometry,
ared blood cell (RBC) membrane-camouflaged surface, and magnetically actuated retention is discussed, allow-
ing better navigation and inspired by the tardigrade’s mechanical claw engagement, coupled to an RBC mem-
brane coating, to minimize blood flow impact. Using clinical intravascular optical coherence tomography in vivo,
the microrobots’ activity and dynamics in a rabbit jugular vein was monitored, illustrating very effective mag-
netic propulsion, even against a flow of ~2.1 cm/s, comparable with rabbit blood flow characteristics. The equiv-
alent friction coefficient with magnetically actuated retention is elevated ~24-fold, compared to magnetic
microspheres, achieving active retention at 3.2 cm/s, for >36 hours, showing considerable promise across bio-
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medical applications.

INTRODUCTION
An innovative approach to deliver therapeutic agents to hard-to-
reach tissues, using swimming microrobots, promises to revolution-
ize conventional medical practice (I-7) and is an emerging research
interest in precision medicine. Conventional drug delivery strategies
primarily rely on the diffusion of therapeutic molecules and micro/
nanocarriers in the blood flow or in other biofluids. Although
various drugs using oral or intravascular administration are avail-
able, they still suffer from clearance and a rapid transit period in
the circulation system and various organs, making them both less
effective and showing several side effects (8—11). Learning from
natural motile microorganisms, various propulsion strategies for
cutting-edge swimming microrobots have been developed for low
Reynolds number environments, using magnetic and acoustic actu-
ation to offer better delivery of therapeutic agents to the diseased
region (12-20). Magnetically powered swimming microrobots
have, in particular, exhibited efficient and controllable propulsion
in various complex biological media such as the gastrointestinal
tract, the ocular vitreous medium, and the extracellular matrix
(21-27). Recent efforts have focused on locomotion in the circula-
tory system to offer an ideal pathway to target disease locations (28).
As a result, various types of magnetic swimming microrobots
have demonstrated spatiotemporal navigation in the blood,
ranging from the rolling motion of spherical swimmers in model
blood vessels to rotational movement of helical propellers in the
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bloodstream (25, 29-32). However, these approaches, while prom-
ising better locomotion in model circulation systems, suffer from
inherent limitations restricting their applicability. First, typical
magnetic swimming microrobots are of rigid geometry with poor
biocompatibility, creating a limited circulation period in the body
(33-35) and intensive rates of blood flow result in a major naviga-
tion bottleneck. Assuming a flow rate (FR) in a major vein of ~2 x
10* um/s (roughly equal to travelling ~1000 body length per second
for a microrobot of size ~20 pm), this results in marked challenges
for them to overcome (36—39). The swimming microrobots must be
retained when they arrive at the targeted site, even with intensive
blood flow, to deliver the drug. Although a large number of site-spe-
cific molecule interaction-based strategies have been developed to
achieve targeted retention of the drug, there is still a limitation
from low precision, size constraints, and the complex surface chem-
istry arising from the impact of macroscale blood flow. Therefore,
the challenge is to develop better magnetically powered swimming
microrobots that can work well in strong blood flows and, in partic-
ular, allow active retention in blood vessels in the long term (40).
Natural aquatic microorganisms have evolved the capability of
locomotion and retention for survival in various environments
(41), in contrast to artificial swimming microrobots. For example,
limnoterrestrial tardigrades (e.g., Hypsibius exemplaris) have devel-
oped motility strategies involving a claw-ground engagement mech-
anism (42, 43), allowing them to adapt to dynamic and complex
environments. Under intensive flow, their claws mechanically
engage with the surrounding ground, allowing them to grip soft
and rough plant matter. This strategy, although appearing ineftfi-
cient on stiff matter, shows considerable performance for locomo-
tion and retention in heterogeneous and fluid environments,
thereby offering a design pathway for swimming microrobots,
which can show high levels of retention in the bloodstream.
However, red blood cells (RBCs) are known as natural long-circu-
lation delivery vehicles, harnessing attractive biological features,
which can be integrated into robotic system designs, and such an
RBC-mimicking micro/nanoscale architecture has recently led to

10of 16

£202 ‘S0 AN Uo 610°80UB 195" MMM//:SANY WO.J popeojuMod


http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adg4501&domain=pdf&date_stamp=2023-05-05

SCIENCE ADVANCES | RESEARCH ARTICLE

the development of functionalizing swimming microrobots with
natural RBC membranes (44, 45). Such microrobots have shown
unprecedented capability, such as in evading the immune system,
allowing prolonged circulation in the bloodstream. It has recently
been reported that the lipids in the RBC membranes could reduce
friction, by using their highly hydrated phosphocholine head-
groups, through using the hydration lubrication mechanism (46).
Asaresult, it is proposed that a design of claw engagement, allowing
reduced flow resistance and integrating the RBC membranes to
swimming microrobots in blood vessels, will allow long-term reten-
tion and navigation for in vivo use.

To test the above idea, claw-engaged and RBC membrane—
coated swimming microrobots have been developed in this work,
showing excellent performance in magnetically actuated navigation
and active retention in blood vessels in vivo (Fig. 1A and movie S1).
The swimming microrobots were fabricated using clawed template-
assisted controllable assembly of polymers, magnetic nanoparticles,
drugs, and an RBC membrane. Combining real-time intravascular
optical coherence tomography (IVOCT)-based microangiography
and wireless actuation of an external rotating magnetic field
(RMF), the swimming microrobots could not only perform

Biomimetic design of swimming microrobot
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controllable locomotion (Fig. 1B) but also showed long-term reten-
tion in the jugular vein in rabbits following magnetic actuation
(Fig. 1C). The success of this work offers advances in the active tar-
geted retention of such microrobots, achieved through investigating
and optimizing the manipulation procedures, including intravascu-
lar injection through a catheter (using IVOCT), as well as microan-
giography-guided navigation in blood vessels, and showing
extended retention when using mechanical claw engagement dem-
onstrated in vivo. All this creates considerable promise for use in a
wide range of future therapies.

RESULTS

Design and fabrication of swimming microrobots

The innovative claw-engaged and biolubricated swimming micro-
robots (CBSMRs) designed in this work have been based on exploit-
ing three key criteria: (i) the enhancement of the adhesion between
the swimming microrobots and the blood vessel to overcome issues
with blood flow, (ii) the reduction of the resistance between the
swimming microrobots and the blood flow to enhance the move-
ment and performance and thus prevent the generation of

Imaging and navigation of swimming microrobot

. Magnetic control system

Fig. 1. Schematic overview of active navigated retention using swimming microrobots in vivo. (A) Conceptional development of claw-engaged and biolubricated
swimming microrobots (CBSMRs). The tardigrades inspired the clawed geometry design and magnetically actuated claw engagement of the swimming microrobot, and
the red blood cell (RBC) membrane-camouflaged coating was functionalized on the swimming microrobots to reduce the impact of the blood flow. (B) Schematic of
imaging and navigation of the swimming microrobots in blood vessels of a rabbit in vivo. IVOCT, intravascular optical coherence tomography. (C) Navigated locomotion
and active retention of the swimming microrobots in blood vessels through the manipulation of external magnetic field.
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thrombus, and (iii) exploiting magnetic actuation to enhance reten-
tion on the blood vessels. Building on these important principles, a
design of magnetic swimming microrobots with clawed geometry
and RBC membrane coating based on a controlled assembly tech-
nique was constructed. These were evaluated using mechanical ac-
tuation in blood vessels using an external magnetic field (with
uniform intensity) to accomplish the desired navigation and reten-
tion under intensive blood flow. To this end, the magnetic clawed
microparticles were first prepared through the synthesis of Fe;O,
layers on sunflower pollen as clawed particles and the subsequent
carbonization of the clawed particles (Fig. 2A) [as described in a
previous report (47)]. Note that the size of the clawed particles
can be precisely controlled within the range of 30 + 0.8 to 8 = 1.1
pum through thermal treatment manipulation, which was measured
from the scanning electron microscopy (SEM) images in fig. S1. Al-
though the carbonization of internal material reduced the size of the
swimming microrobot, the claw shape remained intact, thereby en-
abling upstream movement on the surface of blood vessels. More-
over, the zeta potential of swimming microrobot was stable in the
range of —10.1 to —10.8 mV over a span of 72 hours (fig. S2), which
was measured by Zetasizer Nano ZS (48). Following that, five bilay-
ers of chitosan (CHI)/alginate (ALG) as building blocks and the
RBC membrane—derived nanovesicles (of size ~100 nm) were
then fused onto the magnetic clawed particles. The high-tempera-
ture carbonization converted the biomass in the pollen into degrad-
able carbon-based substances, and the Fe;0, layers, gel layers (CHI/
ALG), and RBC membrane coated in the subsequent preparation
process of swimming microrobot were all degradable in body.

It has been reported previously that such RBC membrane nano-
vesicles have high surface tension and thus are liable to fuse onto the
surface of swimming microrobots to minimize the free energy of the
system (48). Moreover, the coating of the (CHI/ALG); bilayers
creates swimming microrobots with negative charges, ensuring
the fusion of the RBC membranes nanovesicles onto the swimming
microrobots with a right-side-out orientation (49). The SEM image
shown in Fig. 2B displays the clawed geometry of the swimming mi-
crorobots. To confirm that the RBC membrane has fully coated the
swimming microrobots, rhodamine B—stained RBC membrane
nanovesicles were fused onto them. The fluorescent microscope
image (in Fig. 2C) illustrates that the desired full coverage of the
RBC membrane has been achieved. Fluorescence observations for
up to 48 hours showed that the RBC membranes wrapped around
the surface of swimming microrobot were stable (fig. S3). Further-
more, the Western blot analysis was used to examine the protein
contents of swimming microrobots. The RBC membrane—
wrapped swimming microrobots were dialyzed with 30-nm
porous membranes for 24 hours to remove unbound proteins and
subsequently treated with lysis buffer to solubilize the membrane
proteins. Samples of RBC membrane and clawed particle were pre-
pared in parallel as a comparison. The CD47 was selected to validate
the reliability of the protein properties. As shown in fig. S4, protein
separation indicates that the membrane proteins were retained
throughout the fabrication of swimming microrobot and can be
identified on the RBC membrane—coated swimming microrobot.
This finding suggests that the RBC membrane—derived vesicles
were successfully wrapped on the swimming microrobot and
could improve its biocompatibility. The magnetization of the swim-
ming microrobots was estimated using a superconducting quantum
interference device and as shown in the magnetization curve

Li et al., Sci. Adv. 9, eadg4501 (2023) 5 May 2023

(Fig. 2D), the swimming microrobots exhibited typical superpara-
magnetic behavior with a remanence of 8.68 electromagnetic unit
(emu) g~ and coercivity of 0.19 kOe, respectively.

The key desired functionalities of the swimming microrobots,
which include controllable locomotion and extended retention,
rely on their interaction with both the blood vessels and blood
flow. Subsequently, the adhesion of the swimming microrobots to
the blood vessels was evaluated using quantitative dynamic atomic
force microscopy (AFM). To do so, the swimming microrobots
were first immobilized on the tip of the AFM (fig. S5) and moved
down toward the murine major vein vessel, and once they contact
the surface of the vessel, the cantilever was moved back to its orig-
inal position. For the adhesion force test, we used a rectangular
silicon nitride probe that measured 450 pm in length and 50 pm
in width. The approach rate and retreat rate of the probe were
both set to 19.8 um/s, and a total of 1024 data sampling points
were recorded during the experiment. These experimental condi-
tions were selected to ensure accurate and reliable measurement
of the adhesion forces between the swimming microrobot and the
blood vessel.

The adhesion force between the swimming microrobot and the
blood vessel can be calculated through the deflection of the cantile-
ver and knowing its spring constant, using the following equation

(1)
where V, yp, and ky are the deflection signal, the deflection sensi-
tivity, and the elasticity coefficient, respectively. As shown in
Fig. 2E, the adhesion force between the magnetic sphere (MS)
and the blood vessels is 1.56 x 10~ N. In contrast, swimming mi-
crorobots without such an RBC membrane coating exhibited an ad-
hesion force with the blood vessels of 3.98 x 10~” N. This more than
twofold increase in the adhesion force demonstrates that the clawed
geometry can efficiently elevate the adhesion of the swimming mi-
crorobots with the blood vessels. The adhesion force of the swim-
ming microrobots was measured to be 2.91 x 10" N, a figure that is
lower than that without the RBC membrane coating, confirming
that this coating can reduce the adhesion of the swimming micro-
robots with the blood vessel. Note that the adhesion force is not
equal to the friction between the swimming microrobots and the
blood vessel, but it reflects the changes in the friction.

Next, the impact of the blood flow on the adhesion between the
swimming microrobots and the blood vessels was studied through
the measurement of the maximum FR that the swimming microro-
bots can overcome (Fig. 2F). The flow resistance to the swimming
microrobots was calculated from the maximum FRs, using the
Stokes equation, which is given below

F=V-yp ky

Fgr = 6mnRv (2)

where 1), R, and v are the dynamic viscosity of the fluid, the radius of
the swimming microrobots, and the relative velocity of the swim-
ming microrobots and flow, respectively. The value of the blood
flow velocity in force calculation was used the actual velocity ac-
cording the position of microrobot in the blood vessel and distribu-
tion of Poiseuille flow field.

As shown in Fig. 2F, MSs of similar size to the swimming micro-
robots served as a control, and the FR of the phosphate-buffered
saline (PBS) shows a value of 0.05 + 0.01 cm/s on a glass substrate,
equating to a flow resistance of 6.79 + 1.21 pN. The FR of the MSs in
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Fig. 2. Fabrication and characterization of swimming microrobots. (A) Schematic of the fabrication steps of the swimming microrobots. (B) Scanning electron mi-
croscopy (SEM) image of the swimming microrobot. Scale bar, 10 um. CHI, chitosan; ALG, alginate. (C) Fluorescence microscopic images of the swimming microrobots of
different sizes through manipulation of the thermal treatment (where the RBC membrane was stained with rhodamine B). Scale bars, 5 um. (D) Magnetization loop from
the superconducting quantum interference device analysis of the swimming microrobots. Br, remanence; Hc, coercivity; emu, electromagnetic unit. (E) Adhesion force
analysis of the swimming microrobots using atomic force microscopy (AFM). Magnetic clawed particles and magnetic spheres (MSs) were also measured as controls. (F)
The maximum flow resistance that the swimming microrobots can offer, using a glass slide and blood vessel as substrates and PBS and blood as flow media, respectively
(the inset shows the optical image of the swimming microrobots and the MSs of the same size on the blood vessel surface). Scale bar, 20 um. PBS, phosphate-buffered
saline. (G) Computational simulated flow profile of the swimming microrobot and the MSs (same size as the microrobot) under flow conditions [the yellow arrows indicate
the angular positions (value of ¢) of the flow separations]. (H) The angular positions of the swimming microrobot and MS in the flow stream.

the blood vessels was gently elevated to 0.12 + 0.02 cm/s with the
PBS flow, which may be attributed to the enhanced adhesion
from the blood vessel. The MSs in the blood vessel (under the
blood flow) display a value of FR of 0.10 + 0.04 cm/s, which may
result from protein fouling effects, when subjected to the flow of
blood. Note that the magnetic particles (of size 5 um) were also
used as a control, displaying an FR of <0.05 cm/s in all the

Li et al.,, Sci. Adv. 9, eadg4501 (2023) 5 May 2023

treatments used (fig. S6). By comparison, the FR of the swimming
microrobots in the blood vessels was highly elevated (by ~3.5 times),
achieving a flow resistance of 83.60 + 21.78 pN under blood flow. In
addition, the clawed geometry can also reduce the impact of the
fluid on the swimming microrobots, which may involve a similar
drag reduction mechanism to that on golf balls, when compared
with a smooth sphere (50). The simulated computational profile
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of the flow over the swimming microrobot is shown in Fig. 2G.
Compared with the spherical particle, the flow over the swimming
microrobots displays a delayed flow separation, which reduces the
flow resistance from the surface pressure distribution of the swim-
ming microrobots. More specifically, the angular position (¢)
(which is defined as the angle between the tangent direction of
the streamline at the separation point and the vertical direction)
was introduced to quantify the flow separation. As shown in
Fig. 2H, the angular position of the swimming microrobot
(~121°) is higher than that of the smooth microsphere (~84°), sug-
gesting that the clawed geometry could reduce the impact from the
flow. Together, both the clawed geometry (which could enhance the
adhesion between the swimming microrobots and the blood
vessels) and the coating of the RBC membrane reduce the impact
of the blood flow. These effects offer notable benefits in the propul-
sion of the swimming microrobots in blood vessels, compared with
what is seen for MSs.

Locomotion and retention of magnetically actuated
swimming microrobots on blood vessels ex vivo
The magnetically actuated propulsion of the swimming microro-
bots was driven by using a RMF of uniform intensity, provided by
a magnetic actuation system consisting of a charge-coupled device
(CCD) camera, three orthogonal Helmholtz coil pairs, and a motion
planner with a closed-loop feedback modulation (fig. S7). The mag-
netic movement of swimming microrobots was initially investigated
on smooth glass slides; microscopic image in fig. S8A illustrated the
locomotion of swimming microrobots driven by the magnetic actu-
ation system in PBS and blood without flow. The dependence of ve-
locity of swimming microrobots on magnetic field displayed the
increase as the frequency of magnetic field and then declined with
frequency once reaching the step-out frequency. In this case, the
swimming microrobots accomplished the maximum velocity of
389.1 + 19.7 um/s with a magnetic intensity of 30 mT and a frequen-
cy of 35 Hz. In control experiments, the MSs with diameter of 5 and
20 pum exhibited the similar movement behavior. As shown in fig.
S8B, the average velocity of the swimming microrobots in PBS in-
creases from 75.2 (at 5 Hz) to 288.2 pm/s (at 25 Hz), with a magnetic
field of 10 mT. However, both the swimming microrobots and the
MSs on the glass slide, under an optimized RMF, were easily floated
under flow conditions, with FRs of >0.35 + 0.09 and 0.05 + 0.01 cm/
s, respectively. The velocity of the swimming microrobots driven by
the RMF in blood exhibited a similar tendency (fig. S8C). The above
data indicate that the clawed geometry of swimming microrobots
creates a minor impact on the way they move on a smooth substrate,
which is similar to what is seen with natural tardigrades. In addition,
the pitch angle of the driving magnetic field could affect the motion
performance of the microrobots. As shown in fig. S9, the velocity of
microrobots decreased with reducing pitch angle of magnetic field.
For use in practical biomedical applications, the behavior in
blood vessels with the application of the RMF is crucial for the mo-
bility of the swimming microrobots achieving a rolling motion. To
investigate the behavior of the motion of the swimming microrobots
in blood vessels, an ex vivo model blood vessel system using micro-
fluidics was developed by warping a murine major vein onto the
inner channel of a microfluidic system, which was filled with
fresh blood plasma, allowing easy observation under a microscope.
Figure 3A illustrates a schematic of the rolling locomotion of the
swimming microrobot in the blood vessels, under RMF, in the xz

Li et al., Sci. Adv. 9, eadg4501 (2023) 5 May 2023

and the yz planes. Note that once the swimming microrobots
were injected, the deviations were estimated to be 0.03 cm from
the injection site to the vessels (of 0.2 mm), which creates a
minor impact on the navigation of the swimming microrobots on
the vessels (fig. S10).

The effect of the RBC membrane coating upon the motion of the
swimming microrobots on the blood vessels was examined. In static
blood plasma, the swimming microrobots without the RBC mem-
brane coating exhibited a gentle wobble behavior and remain im-
mobile under the RMF in the xz plane (with a maximum field of
30 mT used). This reflects that the adhesion of the clawed structure
in the blood vessels is too high to be overcome for magnetic loco-
motion of the swimming microrobots to occur. In contrast, a
number of swimming microrobots with the RBC membrane
coating showed a straight movement in the blood vessels, indicating
that the RBC membrane coating was effective to modulate the ad-
hesion of the swimming microrobots in the blood vessels (fig. S11).

To evaluate the movement of the swimming microrobots in the
flow, a set of controls were used with different geometries and
surface coatings. A microscope image in fig. S12 showed the mag-
netic motion of both MSs (sizes of 20 um and 5 um) under RMF
with 30 mT and 30 Hz against an FR of up to 0.15 cm/s. Once
the FR of the blood plasma was elevated to 2.1 cm/s (comparable
to physiological blood flow in major vein), both MSs were rapidly
detached from the blood vessel, followed by drift along the blood
flow, reflecting the insufficient adhesion to the blood vessel. To
overcome this issue, magnetic clawed particles were used. As
shown in Fig. 3B, although the magnetic clawed particles allowed
for the stable adhesion on the blood vessel with a FR of 2.1 cm/s,
they remained stationary under the RMF (30 mT and 30 Hz, as
before). In contrast, swimming microrobots under an RMF (30
mT and 30 Hz) exhibited magnetic movement under blood flow
of 2.1 cm/s. The dependence of the velocities of the swimming mi-
crorobots under RMF (30 mT and 30 Hz) on the blood FR was
further estimated quantitatively. As illustrated in Fig. 3C, the
average velocity of the MSs (5 um) under the RMF in the xz plane
(30 mT) was markedly decreased from 32.8 um/s under an FR of 0
cm/s to 4.8 um/s under an FR of 0.15 cm/s. The MSs (20 um) ex-
hibited similar behavior, with slightly higher FR to overcome (0.3
cm/s). In contrast, the swimming microrobots exhibited mobility
with the impact of the blood flow, their velocities being reduced
from 202.8 + 22.3 um/s in the absence of flow to 56.0 + 12.0 um/s
against a FR of 2.1 cm/s. Furthermore, the percentage of the swim-
ming microrobots under the RMF in the yz and the xz planes as a
function of the FR was quantified. The majority of swimming mi-
crorobots (94%) exhibited a magnetic rolling motion, with an FR of
0.3 cm/s, and 33% of the swimming microrobots achieved magnetic
propulsion, with an FR of 2.1 cm/s (fig. S13), which is comparable to
physiological blood flow in an abdominal vein. Figure S14 compares
the upstream velocity of the swimming microrobot at different FRs
in the blood, plasma, and PBS. The results indicate that the move-
ment velocity of the swimming microrobot in the blood was similar
to that in plasma, and both were lower than the velocity in PBS. This
finding supports the use of plasma instead of blood in in vitro
experiments.

The flow field distribution around rotated swimming microro-
bot and MS were also analyzed. As shown in fig. S15, the claw-
engaged swimming microrobot induced a larger distribution of sur-
rounding flow velocity than MS under a RMF at 10 Hz. In
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Fig. 3. Magnetically actuated locomotion and retention of swimming microrobots in blood vessels. (A) Schematic movement of the swimming microrobot in the
blood vessels under a rotating magnetic field (RMF) in the xz plane. (B) Time-lapse images showing the magnetic motion of the magnetic clawed particles and the
swimming microrobot in the blood vessel with a flow rate (FR) of 2.1 cm/s. The blue dashed line indicates the path of the microrobot’s upstream motion. Scale bars,
30 um. (C) Velocity of the swimming microrobots and the MSs (sizes of 20 and 5 um, respectively) as control upon the flow at different rates. (D) Flow resistance of the
swimming microrobot and the magnetic particles, with maximum FR. Schematic illustrating the force analysis of the swimming microrobot with the RMF on (left) and RMF
off (right) (in inset). (E) Dependence of the magnetic actuation force and the flow resistance on the size of the swimming microrobots (with an FR of 2.1 cm/s). (F)
Schematic of the magnetically actuated retention of the swimming microrobots in the blood vessels through the manipulation of the RMF. (G) Time-lapse images
showing the dynamics of the swimming microrobots and the microrobots with the RMF applied in the xy plane in the presence of blood flow. Scale bars, 30 pm.
The red dotted line indicates the motion path of the microrobot floating away with the blood flow. (H) The phase diagram showing the FR that swimming microrobots
can overcome, in the presence of the RMF, with different rotation angles. (I) Retention of the swimming microrobots in the presence of the flow, under different periods of
rotation, with a rotation angle of 0°. (J) Equivalent friction coefficient (EFC) of the swimming microrobots with different magnetic actuation conditions (MSs were used as
controls).
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particular, local intensive flow fields were induced between the ad-
jacent claw structures, which reduced the flow resistance. Further-
more, a force analysis of the magnetically actuated rolling
movement of the swimming microrobots within the blood vessels,
in response to the flow, was carried out. As shown in the schematic
illustration in Fig. 3D, the force from the local flow (Fg,,,) and the
friction in the horizontal direction (Fy) reached a balance in the xz
plane, under the flow of the magnetic particles, in the absence of
RMF. Thus both forces are the same in value, but opposite in direc-
tion. Fy can be obtained through the calculation of the value of Fy,,
at the maximum rate. By comparison, when the swimming micro-
robots experienced magnetic actuation to achieve upstream motion,
the friction in the horizontal direction and the driving force from
the magnetic actuation (Fy) were balanced with the force from the
local flow. In this case, the force from the local flow (Fgq,,) is roughly
balanced with the friction in the horizontal direction (F¢) and the
force from the magnetic actuation (Fy), resulting in upstream
movement due to the magnetic effect, enabling the swimming mi-
crorobot to overcome the higher FR (than is seen without the mag-
netic actuation).

From the data on the FR shown in Fig. 3C, the value of Fy,,, for
controlling the MSs (20 um) was calculated as 23.89 pN without
RMEF and 71.66 pN in Fg,, with RMF. By contrast, the values of
Fpow for the swimming microrobots were estimated to be 83.60
pN without RMF in the xz plane, and 503.04 pN with RMF in the
xz plane, respectively. The nearly sevenfold rise in the value of Fy,,
suggests that the swimming microrobots can effectively move in the
blood vessels with intensive flow (Fig. 3D). Moreover, the impact of
the force on the swimming microrobots of different sizes, with an
FR of 2.1 cm/s, was computationally determined. As illustrated in
Fig. 3E, with the size of the swimming microrobots ranging from
8 to 20.05 um, the value of Fg,, on the swimming microrobots
was seen to be higher than that of driving force (Fp), implying
that swimming microrobots with a size below 20.05 pm could not
overcome the flow, with a rate of 2.1 cm/s. Furthermore, Fy,,, and
Fy; each reached a critical value with a size of 20.05 um. The above
analysis provides key design data for the optimum clawed geometry
and robot size, with the RBC membrane coating offering the capa-
bility of swimming microrobots having upstream mobility under
intensive blood flow in major vein vessels.

Maintaining the retention of the swimming microrobots in the
flow stream is crucial, after their arrival at the predetermined region.
One major challenge is the disappearance of Fy, following the
removal of RMF, leading to insufficient forces to maintain the
swimming microrobots in the blood vessel. For example, once
RMEF in the xz plane was removed, the swimming microrobots im-
mediately floated away, with a blood FR of 0.7 cm/s (Fig. 3G). To
overcome this issue, an attempt was made to enhance the interac-
tion between the swimming microrobots and the blood vessel
through claw-ground engagement by manipulating RMF
(Fig. 3F). As an example, the application of RMF in the xy plane
for 1 s resulted in the retention of the swimming microrobots
with a blood FR of 0.7 cm/s (Fig. 3G). Furthermore, the relationship
between the retention effects of the swimming microrobots and the
direction and period of RMF was investigated. The pitch angle, a, of
RMF, which is defined as the angle between the magnetic field tilt
relative to the xy plane of the magnetic field, was first used for the
quantitative direction of RMF. As shown in the phase diagram in
Fig. 3H, the period for the magnetic actuation was 1 s, and the
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red crosses indicate the swimming microrobots were lost from the
blood vessels with the flow, while the blue circles indicate the suc-
cessful retention of the swimming microrobots in the blood vessels.
FR of the swimming microrobots under RMF (for 1 s) increases
from 0.4 (with o equals to 90°) to 1.4 cm/s (with a equals to 0°),
indicating that RMF in the xy plane offers optimal retention
effects for the swimming microrobots. Furthermore, the impact of
the period of RMF in the xy plane on the retention of the blood
vessel was investigated through the measurement of FR. As shown
in Fig. 31, the swimming microrobots under RMF in the xy plane
(for one-eighth period) reached the maximum retention effect
that enabled their maintenance in the vessel, with a FR of 3.2 cm/
s. It was noted that the control MSs (20 pm) flowed away (with a
flow with rate above 0.15 cm/s) under the same RMF as the swim-
ming microrobots. The above data verify that their improved reten-
tion may be mainly attributed to the adhesion of the mechanical
claw of the swimming microrobot on the vessel.

To quantify the retention effects of the swimming microrobots
under the flow in the blood vessel studied, the equivalent friction
coefficient (EFC; p) was defined as

o 3F flow
4T[R3g(Pr0bot - pplasma)

where propot and ppiasma are the density of the swimming microrobot
and the plasma, respectively. EFC is used to evaluate the capability
of the swimming microrobots in the blood vessels with different be-
haviors including: without RMF, upstream motion under RMF in
the xz plane (upstream), and retention under RMF in the xy
plane for 1 s (retention). As shown in Fig. 3], the control MSs
display the following EFC values: 0.14 without RMF, 0.42 with mag-
netic motion, and 0.19 with magnetic retention with RMF in the xy
plane. The minor change in the different treatments exhibits that the
RMF play a negligible role on the retention effect of the MS struc-
tures on the blood vessels.

In contrast, the EFC of the swimmer microrobots was elevated to
~0.49, a result that may be attributed to the effect of their clawed
geometry on the blood vessel. Moreover, the EFC of the swimming
microrobots was further increased to 2.96, with the application of
the RMF in the xz plane (with a frequency of 30 Hz and an intensity
of 30 mT). Note that the frequency and intensity of the RMF in the
xz plane has a minor effect on the EFC of the motile swimming mi-
crorobots. The EFC value reached 4.51 (an increase of ~24 times
compared with the control situation), with the application of the
RMF in the xy plane. Swimming microrobots can still achieve
good vascular retention with a blood FR of up to 3.2 cm/s with
the RMF applied in xy plane, and this allows them to show active
retention in major veins. Looking at these effects together, the
swimming microrobots were found capable of both controllable lo-
comotion and effective active retention in blood vessels in the pres-
ence of a substantial FR, taking advantage of the enhanced adhesion
from both the clawed geometry and the magnetic actuation.

n 3)

Magnetic dynamics of swimming microrobots in mice

in vivo

To investigate the behavior of the swimming microrobots in the
presence of the RMF in vivo, an autonomous navigation system
that was integrated with the magnetic field and a microscope was
established to modulate the magnetic actuation of the swimming
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microrobots in venous vessels under blood flow conditions. As can
be seen in the schematic illustration (Fig. 4A) and the actual photo-
graph (in Fig. 4A and fig. S16), the mice were first anesthetized and
then injected with anticoagulant. To observe the dynamics of the
swimming microrobots in vivo with the microscope, the microflui-
dic-based model blood vessel system was catheterized with the

intraperitoneal vein of the mice to divert blood flow into a closed
loop (which then returns to intraperitoneal vein).

A microscope-coupled CCD camera was used to capture the top
view of the workplace, enabling the system to extract environmental
information and detect the real-time position of the microrobot
through image recognition. The use of a computational path

planner can generate an optimal pathway and offer high localization
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Fig. 4. Active navigated retention of swimming microrobots on the intraperitoneal vein of mice in vivo. (A) Schematic autonomous control of swimming micro-
robots on blood vessel of mice. (B) Time-lapse images showing the self-correcting of path deviation of swimming microrobots on blood vessel. The blue and green lines
represent the trajectories of the microrobot’s normal magnetic-driven motion and path self-correcting motion, respectively. Scale bars, 50 pm. (C) Comparison between
the estimated route and actual path of autonomous navigation for the swimming microrobot in the process of path self-correcting. (D) Time-lapse images showing the
multiple launch and retention of swimming microrobots on blood vessel. The blue line and the green lines represent the motion trajectories of microrobot in consecutive
two movement-retention, respectively. Scale bars, 50 um. (E) Input voltage signal of the coil group in the x, y, and z directions of the Helmholtz coil corresponding to twice
motion-retention. (F) Time-lapse images illustrating the controllable locomotion and extended retention of swimming microrobots on model thrombus which was con-
nected with mice. I-lI-Ill-V, crossing-upstream-downstream-crossing. Scale bar, 150 pm.
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accuracy. The magnetic navigation of the swimming microrobots
along the predeterminate route was undertaken using the Helm-
holtz coils. A computational planner of the navigation system was
developed on the basis of mainly four modules: (i) the image pro-
cessing module that simultaneously received and scanned images
from the camera into data to monitor the position of the swimming
microrobots and their predetermined destination; (ii) the map
building module that generates an occupancy map using the scan-
ning data and locates the initial position of the swimming microro-
bot by the similarity change curves; (iii) the path planning module
that plans a feasible path according to the map the initial position,
target position, and distribution characteristics of the magnetic
field; and (iv) the controller module that controls the power ampli-
fier and thus the output currents used to drive and simultaneously
correct the swimming microrobot to allow it to move along the
planned path.

Time-lapse images (shown in fig. S17A and movie S2) display
the magnetic movement of the swimming microrobots in the
blood flow in vivo. The blood FR that was introduced from the
murine vein was estimated to be ~2 cm/s. Upon the application
of the RMF in the xz plane (30 mT and 30 Hz), the swimming mi-
crorobots moved against the blood flow, with a slight deviation in
direction (movie S3). The data shown in fig. S17B illustrate the de-
viations of the swimming microrobots in terms of their instanta-
neous velocities. These deviations in direction and velocity may
be attributed to the impact of the RBCs in the blood flow and the
changes of the tissue surface. To examine the autonomous naviga-
tion in the blood flow, a swimming microrobot was manually devi-
ated away from estimated path, for ~25 pm and along a planned
pathway. At this point, the digital data from the microscope used
for the visual positioning of the swimming microrobot were input
to the computational planner to identify any errors and thus simul-
taneously steer the microrobot. Time-lapse microscopic images
(seen in Fig. 4B and movie S4) show the trajectory of the self-cor-
rection of the path of the deviated swimming microrobot. The esti-
mated planning path and actual trajectory can be seen from Fig. 4C,
where the red solid line and the black circles show the planning path
and the positions of the tracked microrobot, respectively. At first,
the motion trails of the swimming microrobot deviated from the
planned path (with a trajectory of ~40 pm), and then the computa-
tional planner detected this problem and issued an instruction to
adjust the direction of movement of the swimming microrobot to
return to the planned path. Through the use of multiple feedback
signals (used to correct the direction of the motion), correction of
the trajectory was lastly achieved, under flow conditions, and during
a 120-um locomotion of the microrobot.

Next, we examined the active navigated retention on the vein
tissues in vivo. Time-lapse images in Fig. 4D illustrate locomotion
and retention of swimming microrobot in blood flow through the
manipulation of RMF between xz plane and xy plane (movie S5).
Upon RMF in xz plane (30 mT and 30 Hz), swimming microrobots
locomote with velocity of 62.1 pm/s against the flow with rate of 2
cm/s. Once arrival at targeted position, RMF was swift from xz
plane (30 mT and 30 Hz) to xy plane (30 mT and 1 Hz) for one-
eighth period, and swimming microrobot enabled retention on
the blood vessel upon blood flow. Notably, such retention behavior
is reversible. Operation of reversing RMF in xy plane for one-eighth
period and subsequent RMF in xz plane through inputting voltage
signals of the coil group in x, y, and z axes, as shown in Fig. 4E,

Li et al., Sci. Adv. 9, eadg4501 (2023) 5 May 2023

resulted in the relaunched movement of swimming microrobots
upon blood flow. Relaunched microrobot was capable of actively lo-
comoting upstream and downstream in flow blood and could be re-
tained again at next target position.

To explore the active navigated retention of swimming microro-
bots under blood flow in vivo, a typical thrombosis model for tar-
geted delivery, which has a “Y" shape and murine vein-embedded
microchannel and catheterized with the intraperitoneal vein of mice
in close-loop circle, was developed to mimic regions of living blood
vessels with 85% lumen obstruction based on previous report
(Fig. 4F and movie S6) (51). Upon blood flow from intraperitoneal
vein of mouse, swimming microrobot initially exhibited upstream
movement under RMF in xz plane was navigated from the upper
unobstructed branch to the right arterial and then back to the
lower branch through manipulation of RMF in yz plane. Subse-
quently, swimming microrobot was navigated through the obstruct-
ed microchannel via adaptive path planning. Last, the application of
RMF in xy plane for one-eighth period endowed the retention of
swimming microrobots under continuous blood flow conditions
for more than 10 min. Figure S18 further illustrates the velocity of
swimming microrobots during locomotion in the thrombosis
model. The instantaneous velocity of the swimming microrobot
fluctuated greatly, and the average velocity in different modes was
substantially different. Note that the average velocity of the swim-
ming microrobot reached 419.4 pm/s in the downstream mode,
which was much higher than the velocity of 112.4 um/s in crossing
mode and the velocity of 68.6 um/s in upstream mode. Such a nav-
igation system was demonstrated highly promising for their auton-
omous operation in complex dynamic settings and unpredictable
scenarios.

Active navigated retention of swimming microrobots on
jugular vein of rabbits in vivo imaged with an IVOCT system
To better meet the practical application, the swimming microrobots
were introduced into a clinical IVOCT system for real-time imaging
and control on jugular vein of rabbits in vivo. The experimental
setup for jugular vein in vivo experiments of swimming microro-
bots with an IVOCT imaging system is shown in fig. S19. Briefly,
we used rabbits as experimental animals and catheter IVOCT into
their jugular vein. The model drug, doxorubicin (DOX), was loaded
into swimming microrobots for investigation of active navigated re-
tention. To visualize the blood vessels of swimming microrobots
with IVOCT, the rabbits were anesthetized, and then catheter
with optical fiber of IVOCT was implanted into the jugular vein
of rabbits. Subsequently, saline was ejected from catheter before
imaging to repel RBCs for clear observation, otherwise the
imaging of IVOCT on blood vessels became nearly detectable
with the presence of RBCs within the observation range (fig. S20).
To evaluate active navigated retention of swimming microrobots in
vivo, equivalent amounts of MSs (MS group), MSs upon exposure
to RMF (MS + RMF group), swimming microrobot (robot group),
swimming microrobot upon exposure to RMF (robot + RMF
group), and saline (saline group) were incorporated with saline
and injected into jugular vein of rabbits through IVOCT catheter
(Fig. 5A). Note that the operation of RMF was carried out with a
homemade magnetic control system (fig. S19), and the magnetic ac-
tuation for propulsion of swimming microrobots was carried out
for 10 min. The initial position from the observation of IVOCT
was set as 0 cm (Fig. 5B). Comparing with the swimming
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Fig. 5. IVOCT evaluation of active navigated retention of swimming microrobots on jugular vein of rabbit in vivo. (A) Schematic illustrating the investigation of
localization and active retention of swimming microrobot on blood vessels. (B) Schematic and IVOCT images of initial position, locomotion, and retention of swimming
microrobots in vivo. (C) Time-lapse IVOCT images of swimming microrobots (robot + RMF group) in different positions as function of time. RMF of 30 mT and 30 Hz was
carried in yz plane during 0 to 10 min and changed to xy plane at 10 min. The green spots were indicated as signal from swimming microrobots. (D) Corresponding
normalized number of swimming microrobots counted from green spots in (C), displaying the distribution of swimming microrobots on blood vessels upon magnetically
actuated locomotion and retention. Experimental statistics were summarized from parallel experiments performed on five rabbits. Error bars represent the SDs from five
independent measurements. All data are normalized to their maxima. Scale bar, T mm. (E) Microscopic images displaying active retention of the swimming microrobots
and control MSs on blood vessels in vivo. Scale bar, 1 mm. (F) Fluorescence analysis of the distribution of swimming microrobots after active navigated retention in vivo.
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microrobot, the MS injected into the jugular vein first landed at the
initial position (0 mm), and then most of it were washed away by the
blood flow (fig. S21). As shown in fig. S22, cross-sectional scans in
saline group, MS group, and MS + RMF group display the usual
profile of vessels, where negligible spots were observed at the boun-
dary between vessel and blood, suggesting that they flowed away
along the blood stream.

Moreover, time-lapse images in fig. $23 display the dynamics in
robot group. A number of spots in robot group occurred at vessel-
blood boundary in position of 0 cm, and these spots indicate the
signal from swimming microrobots and were labeled with green
color. The major swimming microrobot in robot group was period-
ically disappeared in 5 min. In contrast, the cross-sectional scans in
robot + RMF group exhibited that nearly equal number of swim-
ming microrobots to robot group was presented at position of 0
cm at 0 min (Fig. 5C). As magnetic actuation along blood vessels,
the signal of swimming microrobot reduced at position of 0 cm and
then increased in 10 min at positions of 10 and 20 mm, respectively.
Once RMF for magnetic movement was turned off, the signal of
swimming microrobots were quickly decreased and lastly vanished
in 30 s, implying that swimming microrobots were floated away by
blood flow (fig. S24).

To overcome this issue, application of RMF in xy plane was con-
ducted to trigger active retention of swimming microrobots. The
cross-sectional scans with IVOCT in Fig. 5C exhibited swimming
microrobots remained on jugular vein for more than 2 hours
(movie S7). Furthermore, the dynamic distribution of swimming
microrobots on jugular vein was quantified by calculating the
number of swimming microrobots on cross-sectional scans of
OCT. As shown in Fig. 5D, the majority of swimming microrobots
in both robot group and robot + RMF group were initially located at
position of 0 cm. Ninety-four percent of swimming microrobots in
robot group disappeared in 5 min. In contrast, the distribution of
swimming microrobots in robot + RMF group exhibited directional
change as function of time. Fifty percent of swimming microrobots
were appeared at position of 10 cm upon administration for 5 min,
and the position of 20 cm showed a high distribution (38%) of
swimming microrobots upon administration for 10 min. The peri-
odical change of distribution indicates the magnetically actuated
navigation of swimming microrobots on blood vessels. Moreover,
the distribution of swimming microrobots upon magnetically actu-
ated retention was mainly remained after administration for 36
hours, suggesting the accomplishment of active retention on
jugular vein in vivo (fig. S25). Note that such 36 hours for active
retention on jugular vein of rabbits in vivo were limited by the
IVOCT; the actual period would be longer than that.

Moreover, these jugular veins were collected to estimate the
active retention of swimming microrobots. As illustrated in
Fig. 5E, robot group exhibited only two swimming microrobots res-
ident on jugular vein at position of 5 cm. By the contrary, 11 swim-
ming microrobots in robot + RMF group still existed on jugular vein
of rabbit at position of 5 mm, and 120 swimming microrobots were
retained at position of 20 mm. In addition, the distribution of fluo-
rescence in DOX spectrum on jugular veins was also tested to study
the retention effect. Figure 5F exhibits 67% of fluorescence on the
jugular vein in robot + RMF group that were located at a position
between 18 and 21 mm. The above results indicate that the active
navigated retention of swimming microrobots facilitates an extraor-
dinary directionality and precision under the control of magnetic

Li et al., Sci. Adv. 9, eadg4501 (2023) 5 May 2023

field, which is basically consistent with the observation of their lo-
comotion and retention under the microscope. Approximately 60%
of DOX was released by quantifying the DOX concentration from
the extracted blood vessel using a Tecan Infinite M200 plate reader
based on absorbance readings at 480 nm.

Biocompatibility and biodegradability of the swimming micro-
robots are important for biomedical applications. The materials of
the swimming microrobots such as CHI, ALG, and iron oxides are
known to be biocompatible. To measure the cytotoxicity of swim-
ming microrobot, we tested the effect of the swimming microrobot
on cell viability by a tetrazolium-8-[2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] monoso-
dium salt (CCK-8) assay method. The CCK-8 assay was carried out
with human umbilical vein endothelial cell line HUVEC [the Amer-
ican Type Culture Collection (ATCC)]. As shown in Fig. 6A, the
swimming microrobot coated with RBC membrane had no effect
on cell proliferation. To further evaluate the toxicity of the swim-
ming microrobots in vivo, a comprehensive blood cell count and
blood chemistry panel were conducted 24, 48, and 72 hours after
administration (Fig. 6, B and C). Compared with untreated
control group, the levels of all serum biochemistry markers and
numbers of blood cells (RBCs, white blood cells, and platelets) re-
ceiving swimming microrobot treatment remained at normal levels.
The negligible changes in metabolic biomarkers and blood cell
counts indicate the minor toxicity of the swimming microrobots.

Hematoxylin and eosin (H&E) histological sections of major
organs were further used to evaluate the biosafety of the swimming
microrobot. We intravascularly administered PBS or the suspension
of swimming microrobots to healthy rabbits once a day for two con-
secutive days. As shown in Fig. 6D, negligible pathological abnor-
malities or inflamed cells in the jugular vein, jugular artery,
postcava, heart, lung, kidney, liver, or spleen in the treated model
groups were observed, demonstrating the negligible toxicity of
swimming microrobots toward the blood vessel and other tissues.
Furthermore, the D-dimer of blood was further measured to evalu-
ate the blood clotting disorder of the swimming microrobots in
vivo. In contrast of control groups without RBC membrane, the
D-dimer of blood from swimming microrobots treatment exhibited
gentle change in 36 hours (fig. S26). As other controls, The RBC
membrane—coated silica particles with same size as swimming mi-
crorobots displayed a nearly sixfold increase in D-dimmer after ad-
ministration for 36 hours, indicating that the coating of RBC
membrane prevent the formation of blood thrombus upon the
treatment of swimming microrobots. Overall, these results suggest-
ed that the swimming microrobot is safe to use for drug delivery
in vivo.

DISCUSSION

In this research, we have recognized three major issues that inhibit
to the use of swimming microrobots for the practical delivery of
therapeutic agents as follows. First are key biocompatibility and bi-
odegradability issues, which are crucial for achieving a prolonged
lifetime of swimming microrobots in the body. It is well known
that conventional swimming microrobots, composed of inorganic
materials or metals, face immune attack following their entry into
the blood stream. Second, locomotion in main blood vessels, such as
the jugular vein (in which the blood FR reaches the centimeter per
second scale), is required to be demonstrated for the swimming
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Fig. 6. Biosafety analysis of swimming microrobots. (A) Cell viability of human umbilical vein endothelial cell after 24 hours of incubation with swimming microrobots.
Comprehensive blood cell counts (B) and blood chemistry panel (C) taken from nontreated mice and mice with treatment. The green dashed lines indicate the mouse
reference ranges of each analyte. WBC, white blood cell; PLT, platelet; ALP, alkaline phosphatase; GLOB, globulin; TP, total protein. (D) The major organs were harvested
from the swimming microrobot-administrated mice for hematoxylin and eosin (H&E) staining analysis. Scale bars, 200 um.

microrobots to accomplish their tasks in practice. Third, the pro-
longed retention of the swimming microrobots, after the applica-
tion of an external magnetic field in vivo, is of great importance
for their use in many practical situations. Although the magnetically
actuated movement of swimming microrobots in the blood has
been reported in a previous work, they are incapable of withstand-
ing the intensive blood flow experienced, following the removal of
the magnetic field.

Li et al., Sci. Adv. 9, eadg4501 (2023) 5 May 2023

To address these issues in this work, swimming microrobots
were designed with an RBC membrane-camouflaged and magnet-
ically actuated claw engagement, this being inspired by biological
features of natural RBCs and the mobility of natural tardigrades
on soft plant matter in a dynamic environment. Although the
claw engagement design could not offer the swimming microrobots
optimal mobility on a rigid substrate, it did allow the movement of
the swimming microrobots in the blood vessels, under flow with a
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rate <2.1 cm/s, which is comparable with that seen in major veins.
The magnetically actuated rotation in the xy plane allowed the re-
tention of the swimming microrobots for a long period in vessels
with a blood FR of up to 3.2 cm/s. Moreover, the use of an RBC
membrane—coating on the swimming microrobots reduced the in-
teraction from the blood stream and helped evade the immune
system, enabling locomotion and their retention in the blood
vessels. The investigations carried out, in both mice and rabbits,
confirmed the active, navigated retention of the swimming micro-
robots in major vein vessels in vivo.

Given that when therapeutic agents are administrated in circula-
tion systems, this mainly relies on passive diffusion in the blood
stream, and adherence to the targeted region under intensive
blood flow in vivo is particularly challenging for current passive dif-
fusion-based delivery methods. Various targeted delivery designs,
including chemical functionalization of therapeutic agents, have
been developed, involving molecular interaction with specific
groups of target cells, such as are seen in tumors. However, the
passive diffusion mechanism, one key part of chemical functional-
ization strategies, has displayed a limited therapeutic effect, but, by
comparison, our platforms facilitate active navigated retention in
targeted regions in mice and rabbits through the application of an
external magnetic field.

Swimming microrobots can be tailored to support the delivery of
various drugs and used in any biological fluid, without additional
design being needed. Their navigated locomotion allows the swim-
ming microrobots to arrive in the targeted area. The instantaneous
manipulation of the RMF in the xy plane has provided the mechan-
ical forces to substantial enhance the adhesion of the swimming mi-
crorobots, without the requirement for long-term magnetic
actuation in the blood vessels. Such a strategy relies on the capability
of the micro/nanostructure used to adsorb polymer gels to act as
connectors between polymer chains, which is similar to that seen
using nanoparticles in adhesive gels with biological tissues (52).
Using this strategy, active navigated retention of various cargos, in-
cluding therapeutic agents and diagnostic particles, is possible
without additional and complex design of the microrobots.

The key findings from the investigations carried out support the
better conceptual design of swimming microrobots, which couple a
controllable propulsion function when magnetically actuated with
good mechanical adhesion in the blood vessels, allowing active re-
tention in vivo. The clawed geometry of the swimming microrobots
was obtained using thermal processing of pollen to create the clawed
template, noting that their thermal treatment removes the main ma-
terials of the pollen while maintaining their structure. The materials
used for the swimming microrobots, including CHI, ALG, and
Fe;O,4 NPs, are in the category of being “Generally Recognized as
Safe” and thus approved for drug delivery. The current fabrication
strategy used for the swimming microrobots still faces some issues,
particularly in relation to their size and geometry. Further investi-
gations in swimming microrobots with variable geometry and size
are expected through the development of advanced fabrication
technologies, such as using nanoscribe or glancing angle deposi-
tion. Together, the merits of controllable motion and magnetically
actuated retention in blood vessels provide considerable promise for
the wide use of these swimming microrobots, providing a promising
path for drug delivery in other diseases.

Li et al., Sci. Adv. 9, eadg4501 (2023) 5 May 2023

MATERIALS AND METHODS

Materials

Sunflower (Helianthus annuus) pollen particles were purchased
from Greer Laboratories, (Lenoir, NC). Fe(III) isopropoxide, chlo-
roform, methanol, dimethyl silicone oil, and silicon microparticles
with diameters of 5 and 20 um were purchased from Aladdin Chem-
ical Co. Ltd. Square quartz tube was purchased from Sigma-Aldrich.
Whole blood and fresh RBCs were collected from male Institute of
Cancer Research mice (6 to 8 weeks old; purchased from The First
Affiliated Hospital of Harbin Medical University, China), from
which the RBC membrane—derived vesicles were derived following
a published protocol (53). Anti-rabbit CD47 monoclonal antibody
(no. 63000) was purchased from Cell Signaling Technology.

Preparation of magnetic clawed particles

The clawed templates were obtained by using sunflower pollens
after immersion in a chloroform/methanol (3/1 volume ratio) sol-
ution for 24 hours, followed by 1 M hydrochloric acid for 1 hour to
remove external pollen kit. The immediate rinsing step before im-
mersing into organic and acid solution was performed for three
times and subsequent drying using vacuum aspiration for 5 min
at 60°C. Then, the cleaned pollens were coated 50 Fe-O-bearing
layers via the layer-by-layer surface sol-gel process according to pre-
vious reports (47). The pollen particles were first immersed in stir-
ring solution of 0.0125 M Fe(III) isopropoxide in anhydrous 2-
propanol for 10 min as one layer. The immediate rinsing steps
were carried out for three times using anhydrous 2-propanol to
wash residual alkoxide, followed by the washing steps with deion-
ized water for 5 min to hydrolyze the unreacted pendant alkoxide
and subsequent vacuum filtration and drying for next layer coating.
After coating 50 Fe—O-bearing layers, the pollen particles were at-
tached onto the glass surface and heated in air at a rate of 0.5°C/min
to a peak temperature of 600°C. These pollens held at this temper-
ature for 4 hours and dropped to room temperature naturally, gen-
erating a magnetic Fe;O, layer on the surface of the microrobot.

Preparation of RBC membrane—derived vesicles

The whole blood withdrawn from male mice was centrifuged at
3000 revolutions per minute (rpm) for 5 min at 4°C and then
removed the serum and buffy coat. After washing with ice-cold
1x PBS, the resulting RBCs were suspended in 0.25x PBS in an
ice bath for 20 min and were centrifuged at 3000 rpm for 5 min.
Intact RBC vesicles were obtained by removing hemoglobin and
collecting the pink pellet. The RBC vesicles were subsequently ex-
truded serially through 3000-, 800-, 400-, and 100-nm polycarbon-
ate porous membranes using an Avanti Mini-Extruder (Avanti
Polar Lipids).

Swimming microrobots were prepared by five layers of coating of
CHI and ALG and one layer of the RBC membranes and were
achieved by a layer-by-layer technique (54). The magnetic clawed
particles were immersed into 2 ml of solution of CHI (1 mg/ml)
with positive surface charge for 30 min. After water rinsing to
remove the excess CHI, 5 mg of magnetic clawed particles were im-
mersed into 2 ml of negatively charged ALG (1 mg/ml) solution for
30 min. Then, water rinsing was used to remove the extra ALG sol-
ution. After that, the magnetic clawed particles were immersed into
a suspension of RBC vesicles (size: 50 to 100 nm) for 30 min. Swim-
ming microrobots were obtained after the rinsing step with water,
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followed by subsequent redispersion in PBS buffer (pH 7.8) at 4°C.
Swimming microrobots have high dispersity in aqueous media, with
the high negative charge of the RBC membrane preventing aggre-
gation of the particles by electrostatic repulsion. Furthermore, ultra-
violet-visible spectroscopy reveals that about 2.5 ng of DOX has
been encapsulated in a swimming microrobot.

Characterization of swimming microrobots

SEM images of the swimming microrobots were acquired with a
double-beam electron microscopy (Scios2, Thermo Fisher Scien-
tific, USA) at an operating voltage of 10 keV. The samples were
coated with a 5-nm carbon layer to improve the conductivity
(Leica EM ACE600 Carbon Evaporator). The bright-field and fluo-
rescence microscopic images of swimming microrobots were cap-
tured at 25 frames™' by an inverted optical microscope
(Olympus, IX73, Japan) coupled with a Point Grey CCD camera
(FLIR, GS3-U3-51S5C/M-C, USA). These video data were analyzed
using Image] to obtain the trajectories of swimming microrobots.
The magnetic hysteresis curve of samples was obtained using a vi-
brating sample magnetometer (Lake Shore Cryotronics 7404, USA).
The viscous force between swimming microrobots and the inner
wall of vein was measured by an atomic force microscope (Bruker
Instruments, Innova, USA).

Locomotion experiment upon blood flow

The microfluidic chip for model blood flow in vitro was developed
using an intravenous infusion tube and a square quartz tube with an
outer width of 1.4 mm and inner width of 1.1 mm. The mouse vein
was sheathed in the square quartz tube, and its outer wall was pasted
on the inner wall of square quartz tube to form a flow channel
similar to blood vessel. The flow channel was fixed in a glass, and
the glass was fixed inside the magnetic field coils placed on the ob-
servation platform of an inverted microscope. In the study of the
movement behavior, the swimming microrobots were released in
PBS solution or whole blood and introduced into the microfluidic
channels using a syringe pump (KD Scientific Inc., Holliston, MA)
with controllable FRs. Desired volume FRs (3 to 24 pl/s) were ad-
justed to generate the required average FRs (0.3 to 2.4 cm/s) inside
the square quartz tube.

As for performing upon blood flow in vivo, the mice were given a
small amount of heparin sodium intravenously and then operated
laparotomy. The venous blood of the mice to was direct introduce
into the Y shape flow channel using intravenous infusion tube to
establish the upstream motion environment of swimming microro-
bot. To examine the active navigation on the vein tissues in vivo,
swimming microrobots were introduced into one branch of Y
shape channel. The blood passing through the flow channel was in-
troduced back into the vein of mice to form a close-loop circle of
marine blood flow.

Imaging and control of swimming microrobots in rabbit
with an IVOCT system

The Dutch rabbits were anesthetized and then placed in a home-
made three-orthogonal Helmholtz coils pair. A high-resolution
IVOCT catheter was inserted into its posterior jugular major vein
along the direction of blood flow through interventional surgery.
The inner cleaning channel of the IVOCT catheter is connected
to the imaging area at the end of the catheter, and an external inter-
face is provided to connect with a syringe. The swimming

Li et al., Sci. Adv. 9, eadg4501 (2023) 5 May 2023

microrobot, mixed in a PBS solution, was drawn into a syringe
and injected into the blood vessel through the inner cleaning
channel using a syringe pump. The magnetic field with intensity
of 30 mT and rotation frequency of 30 Hz was used to carry out
magnetic actuation in vivo. The upstream and retention motions
of microrobots were continuously imaged by IVOCT scans. At 36
hours after injection of swimming microrobots, the jugular vein was
collected and then homogenized in PBS. The amount of DOX was
quantified using a Tecan Infinite M200 plate reader based on absor-
bance readings at 480 nm.

Cell viability tested by CCK-8 assay

Human umbilical vein endothelial cell line HUVEC (ATCC) was
first seeded into a 96-well plate at 5 x 10* per well. Once the cells
were fully attached, the culture medium was replaced with a fresh
medium containing swimming microrobots, clawed particles, and
MSs with concentrations of 2, 1, 0.5, 0.25, and 0.125 mg/ml. After
24 hours of incubation, a CCK-8 assay method was used to evaluate
the cell viability per the manufacturer’s protocol.

H&E staining analysis of swimming microrobots

To evaluate the safety of swimming microrobots in vivo, we admin-
istered 0.05 ml of swimming microrobots suspension Japanese
white rabbits weighing 2.5 to 3.0 kg (Experimental Animal Center
of the First Affiliated Hospital of Harbin Medical University)
through intravascular injection. Healthy rabbits treated with PBS
were used as a negative control. Rabbits were euthanized, and
various tissues including jugular artery, jugular vein, postcava,
lung, kidney, liver, heart, spleen, and stomach, were collected for
histological characterization 6 days after administration. To
prepare the tissue sample for histology investigation, the tissues
were treated with 10% (v/v) buffered formalin for 15 hours. The lon-
gitudinal tissue sections were washed in tissue cassettes and embed-
ded in paraffin. The tissue sections were sliced into 8-mm-thick
sections using a freezing microtome (CM1950, Leica) and stained
with H&E assay. The samples were imaged with an optical
microscope.

All the animals were conducted in accordance with the Guide for
Care and Use of Laboratory Animals. Animal experiments were per-
mitted by the Experimental Animal Welfare Ethics Committee of
Harbin Institute of Technology (no.: IACUC-2021020).

Statistical analysis

All data were shown as means * SD via at least triplicate samples. A
two-tailed, Student's ¢ test was used for testing the significance
between two groups. A one-way analysis of variance (ANOVA)
with Dunnett's test was performed to test the significance for mul-
tiple comparisons. A statistical significance was assumed at P < 0.05.
Samples were randomly allocated to different experimental groups.
Organisms were cultured and maintained in the same environment
and randomly allocated to each group.

Supplementary Materials
This PDF file includes:

Text S1

Figs. S1 to S26

Legends for movies S1 to S7
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Other Supplementary Material for this
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